Late-successional riparian forests often regulate autotrophic microhabitats in low-order streams through shading provided by canopies. However, few studies have linked forest structure with periphyton microhabitat in adjoining streams. Our hypotheses were that (1) the heterogeneous horizontal structure in old-growth forests creates more spatially variable below-canopy light environments compared with mature forests and (2) site-specific light availability over streams correlates with spatial distributions of periphyton microhabitat. We surveyed 15 low-order stream reaches in late-successional northern hardwood-hemlock forests in the Adirondack Mountains of New York, USA. We measured forest structure and the below-canopy light environment at all reaches and the periphyton chlorophyll a concentration on artificial substrates in eight reaches. While stand age was not statistically significant, multivariate models of horizontal forest structure (e.g., gap distribution) and topography showed strong relationships (R 2 > 0.70) with the below-canopy light environment across all late-successional forests. Furthermore, metrics of below-canopy light availability explained a small but statistically significant proportion of the variation in chlorophyll a concentration. This variation in chlorophyll a indicates that complex latesuccessional riparian forests, both mature and old-growth, create a mosaic of heterotrophic (shaded) and autotrophic (lighted) microhabitats along low-order streams. These results reveal important and previously unrecognized links between stream habitat heterogeneity and the horizontal heterogeneous late-successional forest structure.
Introduction
Although the importance of patch dynamics in stream ecosystems has recently gained recognition (Townsend 1989; Montgomery 1999 ; Thorp et al. 2006) , links between stream habitat heterogeneity and heterogeneous forest structure are only beginning to receive attention (Keeton et al. 2007 ). This awareness of the importance of stream habitat heterogeneity expands upon an earlier view -encompassed within a prevailing framework provided by the ''river continuum concept'' (Vannote et al. 1980 ) -of lotic systems as dominated by continuous gradients. The river continuum concept explicitly recognizes the influence of overhanging forest canopies on light availability in streams. It postulates that shading by riparian canopies will decline along a gradient of increasingly stream order and size, which will, in turn, influence the proportion of autotrophic versus heterotrophic production. One common representation of the river continuum concept is that low-order streams are largely viewed as heterotrophic because forest canopies are closed across relatively narrow stream channels.
Forest-stream interactions are better understood by recognizing the forest dynamics that strongly influence forest canopy structure, which subsequently controls light availability over low-order streams. Canopy structure is not constant but rather changes with forest development, age, and interactions with natural disturbances (Franklin et al. 2002) . Previous studies of stream ecosystem patch dynamics have not sufficiently described the influence of riparian forest patch dynamics upon heterogeneous in-stream processes. In this paper, we build on the idea that natural disturbances must be incorporated into conceptual frameworks for describing stream ecosystems by focusing specifically on gap dynamics (or fine-scale forest canopy disturbances) that are tightly correlated with forest stand development processes (Runkle 1982; Van Pelt and Franklin 2000) .
Late-successional northern hardwood-hemlock forests have structural characteristics distinct from forests in earlier stages of development, including increased gap frequency and size, higher densities of large trees, and a larger average diameter of canopy trees (Tyrrell and Crow 1994; Dahir and Lorimer 1996; Ziegler 2000) . Gap-phase dynamics in latesuccessional forests, caused by fine-scale canopy tree mortality, result in a horizontally heterogeneous stand structure (Pickett and White 1985) . The vertical foliage distribution, horizontal structure (e.g., patchiness), and species composition of a forest collectively influence the below-canopy light environment (Canham et al. 1994; Van Pelt and Franklin 2000; Montgomery and Chazdon 2001) . The light environment below the canopy of riparian stands influences ecological processes in adjacent streams. For example, shading provided by forest canopies over and adjacent to low-order streams reduces the frequency of favorable microhabitats for periphyton, resulting in reduced autotrophic abundance (Feminella et al. 1989; Kiffney et al. 2004) . As a consequence, low-order streams flowing through mature and older forests, both presumed to have closed canopies, are thought to have primarily heterotrophic food webs (Naiman et al. 1998) . Despite low algal standing biomass, recent work has cast doubt on this assumption, revealing that invertebrate communities in some forested headwater streams are disproportionately reliant on algal C inputs (McNeely et al. 2007 ). But how exactly do complex, old riparian forest canopies influence light availability over streams and, thus, in-stream autotrophic microhabitat availability? Our study addresses this and related questions, focusing on late-successional riparian forest systems in the northern hardwood region of eastern North America. We followed Gregory et al.'s (1991, p. 540 ) definition of riparian areas as ''three-dimensional zones of direct interaction between terrestrial and aquatic ecosystems'' and ''comprised of mosaics of landforms, communities, and environments''.
Our first research objective was to explore the relationships between the heterogeneous horizontal forest structure and spatial variability in light availability over low-order streams at a fine, within-reach scale. Studies exploring the relationships between forest structure and the below-canopy terrestrial light environment have typically found that oldgrowth forest canopies transmit little light (<5% of abovecanopy light) compared with mature stands (Canham et al. 1990; Van Pelt and Franklin 2000) . Although below-canopy light transmission is more spatially variable in tropical primary forest systems (Montgomery and Chazdon 2001) , this relationship has not been established in the northern hardwood region of eastern North America.
In this paper, we hypothesize that spatial variability in light availability over streams at a fine, within-reach scale is greater in old-growth (e.g., dominant trees >150 years of age) stands than in mature (e.g., dominant trees 80-150 years of age) stands, resulting from the increasing frequency and average size of canopy gaps in late-successional forests. Gaps are most commonly caused by single-tree mortality; trees in old-growth stands tend to be larger, resulting in larger gaps than that in younger late-successional stages (Dahir and Lorimer 1996) . Gaps created by densityindependent mortality processes, such as natural disturbances, become increasingly prevalent in the very latest stage of stand development (Ziegler 2000; Franklin et al. 2002; Keeton et al. 2007) . At any given time, canopy openings cover an average of 9.5% of old-growth forests while new gaps are formed at an average rate of 1% of total land area per year (Runkle 1982) . In a prior study, we found preliminary evidence suggesting that fine, within-reach scale light availability over streams may be influenced by gap-related variability in canopy structure (Keeton et al. 2007 ) but were not able to support this inference directly. In this study, we test that hypothesis using direct empirical evidence.
The second research objective explored in this paper is the relationship between fine-scale below-canopy light availability and periphyton microhabitat availability. We hypothesized that spatial variability in light transmission in structurally complex late-successional forests would correlate with the location-specific pattern of periphyton microhabitat in low-order streams, as assessed by chlorophyll a concentration. Because many periphyton communities in shaded low-order reaches are not nutrient limited, even during periods of high light in spring before leaf-out (Bourassa and Cattaneo 2000; Bernhardt and Likens 2004; Greenwood and Rosemond 2005) , it is reasonable to assume that light may remain as the primary limiting resource. Periphyton abundance in small headwater reaches has frequently been evaluated in riparian forests subjected to intensive silvicultural practices (e.g., clear-cutting), with late-successional stands employed as controls (Boothroyd et al. 2004; England and Rosemond 2004; Kiffney et al. 2004) . While betweenreach (i.e., macrohabitat) variability in periphyton biomass as a function of light limitation has also been studied (Larned and Santos 2000) , no studies have addressed the spatial variability of periphyton microhabitat as a function of within-reach variability in the light environment. While algal photosynthetic rates have been shown to vary under temporally heterogeneous light environments (Wellnitz and Rinne 1999) , there is less information available pertaining to fine-scale spatial variability. Thus our research adds to previous work by examining the roles of specific stand structural elements in the spatial patterning of periphyton across a range of late-successional forest structural conditions. Understanding the relationships between forest stand development and forest-stream interactions is vital for promoting riparian forest management along headwater streams (Gregory 1997; Naiman et al. 2005) because of the controlling influence of riparian forests on in-stream habitat conditions (Gregory et al. 1991; Keeton et al. 2007 ).
Methods

Study site
Our study was conducted in the Adirondack Mountains of upstate New York, USA (448N, 748W; see Fig. 1 ). We evaluated 15 riparian sites representing a range of mature to oldgrowth forest structural conditions along low-order streams (bank-full width <10 m). In the southwestern Adirondacks, eight sites (six mature, two old-growth) were located on the 20 200 ha Adirondack League Club private reserve (ALC), one (mature) in the Pigeon Lakes state wilderness area (PLW), and three (one mature, two old-growth) in the Five Ponds state wilderness area (FPW). In the northern Adirondacks, three sites (all old-growth) were located in the High Peaks state wilderness area (HPW). The sites are described in Table 1 . The mature, secondary forest sites were initiated following windthrow events or logging and, in some cases, slash-fueled fires in the late 19th and early 20th centuries (Ziegler 2000; Latty et al. 2004) . We controlled for variability in management history by selecting mature sites with little or no logging since establishment. Old-growth sites were primary forests, having never been logged or burnt by historical fires. 
Data collection
Forest structural attributes for living and dead trees (>5 cm diameter at breast height (DBH)) were inventoried in 6 to 10 variable-radius (2.3 metric basal area factor) prism plots. These plots were evenly distributed between right and left banks and were randomly located within 30 m (i.e., approx. one site potential tree height) of the nearest stream channel edge. We used Impulse 200 laser rangefinders (Laser Technology, Englewood, Colorado, USA) to measure the height of trees in 50% of the plots. Increment borers were used to determine age at breast height for four to six of the larger canopy trees of either B. alleghaniensis, P. rubens, or T. canadensis at each site. Therefore, stand ages used in this study are weighted towards the maximum achieved in the dominant cohort. Age and field error estimation protocol are described in Keeton et al. (2007) .
We used both categorical and continuous variables of age to assess our first hypothesis. Sites were classified into two age or structural classes: mature forest (eight sites) and oldgrowth (seven sites). Classification systems for late stand development stages in northern hardwood and mixed northern hardwood-conifer forests vary but generally rely on a combination of age, human-disturbance history, and structure (Dunwiddie et al. 1996; Hunter and White 1997) . Our classifications incorporated (i) structural criteria, such as the density of live trees >50 cm DBH, which is a ''large tree'' threshold based on previous studies of old-growth northern hardwoods (e.g., McGee et al. 1999) , and (ii) the average age of dominant trees. Our age criteria defined ''mature'' sites as dominated by canopy trees 80-150 years of age and ''old-growth'' sites as dominated by trees >150 years of age.
To measure the light environment over streams, we used digital hemispheric canopy photography. Hemispherical canopy photography is a well-established technique for developing long-term estimates of the ground level, belowcanopy light environment using a single or several permanent records of the canopy (Canham et al. 1990; Easter and Spies 1994) . Estimates produced by hemispheric canopy photography are typically reported either as site factors or as the proportion of direct (DSF), indirect (ISF), or global (GSF) light transmitted through the canopy. Additionally, an open-canopy metric describes the proportion of total pixels not occupied by canopy elements. Hemispherical photographs were taken over the center of the stream channel at 25 m intervals beginning from a random point of origin, using a digital camera with a fisheye lens. The camera was mounted on a tripod set as low (<1 m) over the water surface as possible. Photographs were taken on each reach between 28 June 2006 and 17 July 2006 during partially to fully overcast days at times when the sun was fully obscured by cloud cover; however, it was not possible to photograph all sites under uniform overcast conditions because of their remote location. The photographs were automatically thresholded on the gray channel using Sidelook version 1.1 (Nobis 2005) and were visually inspected to ensure accuracy. The photographs were further post-processed with Hemiview canopy analysis software (Delta-T_Devices 1999) to calculate below-canopy light metrics (ISF, DSF, GSF).
Chlorophyll a concentration was chosen as an indicator of periphyton microhabitat distribution and was measured in 8 of 15 reaches. These eight reaches (four old-growth, four mature) were selected based on accessibility to ensure that chlorophyll a samples could be properly transported to the laboratory on ice. These reaches were representative of the full set of 15 reaches sampled for forest structure and light. On 5-6 July 2006 we placed unglazed clay disks (6.7 and 10.4 cm diameter for streams with lower discharge and higher discharge, respectively) at the center of the channel within these eight stream reaches at 25 m intervals, i.e., the same points at which hemispheric canopy photographs were taken. Channel class (pool, riffle, run) and substrate (gravel, cobble, boulder, organic debris) were recorded for each disk and included in later analyses to account for geomorphic variability in a microhabitat. Disks were not placed in water deeper than 35 cm. Disks remained in situ for 50 days and were removed on 24 August 2006. Of the 9-13 disks placed per stream (number dependant upon reach length), an average of 76% were successfully recovered and analyzed. Before removal, the water depth above each disk and the bank-full width at each disk were measured. The proportion of each disk's area covered in sediment or debris was visually estimated by dividing the disk's surface into quadrants, estimating the area covered by sediment, and averaging these estimates. The estimates of sedimentation were included as a variable in analyses of chlorophyll a concentration but were not used to adjust the chlorophyll a density on an aerial basis. Using a brush, the sediment covering each disk was scraped into a known volume of water and then filtered onto a glass microfiber filter, which was immediately frozen. The samples were later analyzed for chlorophyll a concentration using the procedure described in Lorenzen (1967) .
Data analysis
We developed an Index of Topography and Disturbance Susceptibility (ITDS) that allowed us to assess the potential for physical blocking of light by the landscape and to incorporate some measure of relative wind disturbance susceptibility among our sites. Although the relationship between topography and small-scale (i.e., single tree) windthrow disturbance susceptibility has not been clearly established in the literature (Boose et al. 2001; Kramer et al. 2001) , the various disturbance histories of late-successional forests play an important role in regulating stand-development rates and pathways (Franklin et al. 2002) . We used ArcMap (ESRI, Redlands, California) to calculate the mean slope, standard deviation of slope, and percentage of the area that was convergent (i.e., concave) within a 50 m radius of each 200-300 m reach. Mean bank-full width was also included in the index. Because the relationship between topography and windthrow disturbance is not well established, the index was calculated by standardizing each of the four variables across all sites and then averaging them to yield a relative comparison of our sites. A higher score (>1) indicates a relatively steep, hilly site with a wider stream and a higher percentage of convergent, seep-prone area, which may be factors that may increase susceptibility to windthrow (Kramer et al. 2001) . A lower score (<1) indicates the converse of all these trends and may correspond to a decreased susceptibility to windthrow.
Forest structure metrics (see Table 2 ) were generated in the Northeast Ecosystem Management Decision Model (NED-2, Twery et al. 2005) , which included an estimate of aboveground biomass based on species-specific allometric equations. Relative density calculations followed Curtis (1982) . Forest structure metrics and the ITDS were used as independent variables in multivariate analyses of the effects of forest structure and site characteristics on light availability over streams (n = 15). We examined 10 independent variables, including nine forest structure metrics representing a range of structural attributes plus the ITDS (Table 2) .
Akaike information criteria for small sample sizes (AIC c ) was used to select models of site factor means and standard deviations as a function of forest structure and the ITDS. AIC allows for all models in a model set to be objectively ranked and compared based on their maximized log-likelihood and a bias correction applied as a function of the number of model parameters (Burnham and Anderson 2002) . This bias correction will account for correlated variables by penalizing a model with additional variables added that contribute little new information (i.e., are highly correlated to terms already in the model). AIC c models were compared against the best model using D i scores (D i = AIC c,i -AIC c,min ); model weights and adjusted R 2 values were also calculated for interpretation. We used a threshold of D i < 4 to select best model sets. While AIC is most often used to compare an a priori set of models developed from hypotheses, we employed it as a technique to compare the full possible set of model combinations for our 10 independent variables. Although this technique is inappropriate if used to generate predictive models (e.g., overfitting to sample population), we employed it strictly to explore which variables of stand structure might have the greatest influence on the below-canopy light environment.
Analyses of the relationship between paired hemispherical photographs and chlorophyll a density were performed in SAS 9.2 (SAS Institute Inc. 2008), using PROC GLIMMIX with stream included as a random effect. The sample size for this portion of the analysis was 72 paired light and chlorophyll measurements from eight streams. The same procedure was employed to test the effect of stand age on the below-canopy light environment means and standard deviations (n = 15) and chlorophyll a density (n = 72) using both categorical (old-growth, mature) and continuous (age in years) independent variables.
Results
Age, light, and periphyton
Results did not support the first research hypothesis that mature and old-growth forests differ in their below-canopy light environments, which could create different distributions of periphyton microhabitat. No statistically significant relationships were found between stand age (as either a categorical or continuous variable) and any metric of the below-canopy light environment or chlorophyll a density. However, a large degree of spatial variability was found in the below-canopy light environment among all of these late-successional reaches. Figure 2 clearly shows the variability in the below-canopy light environment along each reach relative to the mean of all reaches, with no clear trend in variability due to age. Both mature and old-growth stands created a spatially variable below-canopy light environment over the stream, although the extent of variability differed from stream to stream. Note: The variables annotated with capital letters were derived from analysis of hemispherical canopy photographs taken over the stream center, while those annotated with lowercase letters were gathered from 6 to 10 sample plots per site located within 30 m of the stream bank.
Forest structure and light
Whereas age among late-successional stands does not predict light availability over streams at our sites, multivariate models of stand structure metrics were highly predictive of both the mean and variability of the below-canopy light environment at a reach scale. Tables 3 and 4 show the best models of both standard deviations and means of four different below-canopy light metrics as ranked by AIC c . Adjusted R 2 statistics for these models all exceed 0.71 for the standard deviation of the four light metrics and 0.59 for the means, indicating that a large proportion of the variance in both mean intensity and variability of below-canopy light is explained by the structural characteristics of these latesuccessional riparian stands.
Basal area, relative density, and the ITDS appeared in most of the best models predicting mean below-canopy light over these streams based on stand structure. While the per-centage of coniferous basal area and the standard deviation of basal area were included in most models of diffuse light (ISF) and open canopy (OC), aboveground biomass was included in models of direct light (DSF) and total light (GSF). Total biomass appears to be more important in the transmittance of direct light, while conifers and variability in basal area seem to be more important in regulating the transmittance of diffuse light. Overall, these models reveal that when data are aggregated by site, a large proportion of variance in the mean transmitted light is explained by measures of horizontal forest structure (i.e., patchiness or gapiness), topography, and possibly by windthrow susceptibility, based on inclusion of the ITDS.
Variability in stand structure, specifically basal area standard deviation and stem density standard deviation, was included in all models of variability in below-canopy light as shown in Table 3 . This variability indicates that the heterogeneous stand structure created a heterogeneous belowcanopy light environment. While standard deviations typically exhibit a positive correlation to the magnitude of the mean, in this instance, the standard deviation of stem density was not correlated (R 2 = 0.07, p = 0.35) to stem density. Basal area displayed only a weak relationship to its standard deviation (R 2 = 0.21, p = 0.08). Thus, these models appear to represent a true horizontal stand structural heterogeneity and are not merely a by-product of the magnitude of mean stem density and basal area in each stand.
Light and periphyton
Our second hypothesis, i.e., that the site-specific light distribution over streams correlates with periphyton microhabitat distribution, was supported by the data depicted in Fig. 3 . While no clear relationship was evident between stand age and chlorophyll a density (see Fig. 4 ), all four light metrics significantly (p < 0.10; Fig. 3 ) explained a small proportion of variance in chlorophyll a density. Chlorophyll a was positively correlated with all four metrics of light, indicating that high-light locations within these stream reaches are more favorable periphyton microhabitats than low-light locations. The models and p values depicted in Fig. 3 were derived using a mixed model method, with stream included as a random variable. However, no consistently applied and agreed upon R 2 statistics are currently available for mixed models, so those presented were calculated using a generalized linear model (PROC GLM) without stream included as a random effect. Thus, these R 2 values do not account for the full error structure or variance that may be associated with between-stream rather than within-stream effects.
Averaged across all study reaches, high diffuse light (ISF 0.15) patches exhibited a 3.0 times higher concentration of chlorophyll a compared with low diffuse light (ISF < 0.15) patches. High direct light (DSF 0.15) patches had a 2.3 times higher concentration of chlorophyll a than low direct light patches, and high total light (GSF 0.15) patches had a chlorophyll a concentration 2.9 times higher than total light patches. More open canopied patches (OC 10%) showed 2.0 times the chlorophyll a density versus closed canopied patches (OC < 10%).
The percentage of disk sedimentation, depth to disk, bank-full width, substrate (e.g., gravel, boulder, organic debris), and channel class (e.g., pool, riffle, run) were initially Fig. 2 . Indirect (ISF) and direct (DSF) light variability along streams in late-successional stands with a range of ages in Adirondack State Park (New York, USA). Each solid line represents the light environment varying spatially along the length of a reach. For comparison, the dotted line located along the y axis at the mean age of each reach represents the mean light level for all 15 reaches (ISF = 0.124, DSF = 0.095). The solid line falling above the corresponding dotted line indicates more light transmitted through the canopy, while the solid line falling below the dotted line shows an area along the reach were less light was transmitted. Note that both mature and old-growth stands produce variable below-canopy light environments over low-order streams and that there is substantial variability between reaches. Some reach ages have been adjusted ±5% for clarity of the figure, although age rank is correct.
included in models of the light environment's effects on chlorophyll a density both individually and in all possible combinations, but these features were later removed based upon (1) reduced support for the models based on DAIC c scores, (2) nonsignificant p values, and (3) a lack of substantial improvement in p values of the light metrics. The lack of significance of these variables was likely due to the relatively narrow range of each variable across all disks (e.g., depth ranged from 1 to 35 cm) and the inclusion of stream as a random effect within all models.
Discussion
Late-successional riparian forests are more structurally complex than younger northern hardwood-conifer forests (Keeton et al. 2007 ). Our findings suggest that gap mosaics and horizontal stand structural complexity create a heterogeneous light environment, resulting in fine-scale periphyton spatial dynamics that may differ from younger stands with a more uniform (i.e., fewer gaps) closed canopy over loworder streams. Gap dynamics in late-successional temperate forests are spatially and temporally dynamic (Runkle 1982) ; and on-going research has found that gaps are abundant, relatively large (e.g., caused by single or multiple tree deaths), and well distributed along the old-growth stream reaches we studied (Curzon and Keeton 2009 ). Forest influences on light availability and the associated distribution of in-stream periphyton appear to mirror this spatial heterogeneity. This conclusion adds a new layer of complexity to conceptual frameworks describing stream ecosystems, in that some forest-stream interactions in low-order streams should be viewed as dynamic with respect to latesuccessional forests and interactions with canopy gap disturbances. Our conclusion is based on several lines of evidence. Late-successional riparian forest structure was strongly correlated with both mean the below-canopy light levels and the spatial variability in light availability over constituent streams. These relationships were established by combining variables of stand structure with the ITDS in models predicting the mean and standard deviation of ISF, DSF, and GSF. A small (8.2%-14.5%) but statistically significant proportion of the variance in chlorophyll a concentration was predicted by these same below-canopy light metrics. We recognize, however, that light may not have been the only limiting resource in our streams. Including stream as a random effect in these models incorporated between-stream covariates that Fig. 3 . Regressions of chlorophyll a density versus metrics of below-canopy light from 73 samples distributed across eight streams in Adirondack State Park (New York, USA). Samples are from streams in old-growth stands (*) and mature stands (~). Models and p values include stream as a random effect. Coefficients of determination were calculated without stream as a random effect and, thus, are approximations that do not represent the full model structure or variance. Fig. 4 . Chlorophyll a density as sampled from eight different reaches within a range of late-successional forest ages in Adirondack State Park (New York, USA). The right panel shows individual data points, while the left panel depicts normal distributions parameterized by the same data to better view variability in the data. The arrow indicates the mean of the broad (i.e., highly variable) distribution for site ALC-M-6, age = 148 years (see Table 1 for site description). Note the differences between streams in the variability of apparent periphyton microhabitat distribution.
were not evaluated as predictors of chlorophyll a concentrations (e.g., differences in grazers, nitrogen, phosphorus, or pH levels). All disks were placed in a similar range of hydrological environments, and variables accounting for differences in hydrological environment (bank-full width, substrate beneath disk, channel class, water depth) were not found to improve model performance.
These results point to a heretofore unrecognized but potentially important forest-stream interaction. Because late-successional forests transmit low levels of light at whole-reach scales (Canham et al. 1990; Easter and Spies 1994) , light is likely the primary limiting resource in many low-order streams within these forests (Hill et al. 1995; Bernhardt and Likens 2004; Greenwood and Rosemond 2005) . Our results and previous research demonstrate that a complex late-successional, temperate forest canopy structure produces a spatially complex below-canopy light environment at fine (e.g., 25 m) scales (Van Pelt and Franklin 2000; Montgomery and Chazdon 2001) . The increased frequency and size of canopy gaps found in late-successional stands is a likely causal mechanism explaining the variable below-canopy light environment (Dahir and Lorimer 1996) . Thus, low-order streams within late-successional Adirondack forests provide microhabitats conducive to both high and low autotrophic abundance at fine, within-reach scales.
Forest structure and below-canopy light
Relationships between stand age and structure (Franklin et al. 2002) , such as development of complex horizontal structure and patch mosaics (Tyrrell and Crow 1994; Dahir and Lorimer 1996; Ziegler 2000) , indicate how riparian forest structure influences the light environment associated with streams. Previous work at our study sites found that although these stands developed distinct structural traits as age increased (e.g., greater basal area and biomass), the relationship between structure and age was variable from site to site and was best considered in the context of multiple independent continuous metrics of forest structure (Keeton et al. 2007 ). Individual sites may follow different stand development pathways and rates, which in northern temperate forests are commonly mediated by frequent low-intensity wind disturbance events, less frequent high-intensity wind disturbance events, and moderate intensity ice storms (Seymour et al. 2002; Millward and Kraft 2004) . This may be one reason why stand age (as assessed using dominant tree age) was not a significant predictor of light, by contrast with the significant influence of stand structure.
Previous research in other forest stands supports our finding of great spatial variability in below-canopy light along stream reaches in late-successional forests. Vertically differentiated canopies, high leaf area index, high aboveground biomass levels, and a predominance of shade-tolerant species all contribute to lower below-canopy light levels relative to younger stands in temperate late-successional forests (Canham et al. 1994; Van Pelt and Franklin 2000) . While the total and mean amount of light transmitted below the canopy decreases as stands move into a late-successional condition, spatial variability in below-canopy light increases with gap disturbances and associated horizontal structural diversification typical of late-successional temperate forests (Montgomery and Chazdon 2001; Franklin et al. 2002) .
Canopy gaps result not only in higher light levels directly beneath the canopy openings but also in adjacent closedcanopy patches to the north of gaps (in the northern hemisphere) that are illuminated by low angle sunlight common at high latitudes (Canham et al. 1990 ). The spatial offset of light availability below the canopy as a result of both canopy height and latitude is important when considering the scale of the canopy gap's influence on the spatial patterning of light transmission throughout the stand (Van Pelt and Franklin 2000) . We infer that horizontal complexity in stand structure is directly related to spatial variability in the light availability over streams based on our top-ranked AIC c models of the standard deviations of below-canopy light metrics. These models included covariates, such as the standard deviations of stem density and basal area, which are strongly indicative of horizontal variation in stand structure, including patchiness or gapiness (Franklin and Van Pelt 2004; Keeton et al. 2007) .
Other site-level factors besides stand structure, such as topography, are important when predicting below-canopy mean and total light availability or its spatial variability. The inclusion of the ITDS, representing an indirect indicator of site differences reflecting disturbance susceptibility, improved AIC c model fit when compared with models predicting mean light transmittance only from forest structure. Portions of the Adirondack region, including our study areas, are characterized by steep mountainous terrain. This topography can influence light availability over streams because of the physical obstruction of light by the terrain. Additionally, some sites may be more susceptible to wind disturbances because of steep topography with relatively thinner soils, extensive convergent areas with greater soil moisture content, or valleys that are oriented parallel to the predominant weather patterns (Kramer et al. 2001 ). This may result in the development of greater structural horizontal heterogeneity, which causes spatial variability in light over streams.
Light and periphyton
Our findings demonstrate that horizontal heterogeneity in late-successional riparian forest structure correlates with spatial variability in the distribution of autotrophic microhabitats in low-order streams. We infer this relationship from (1) the strong correlation between multivariate models of below-canopy light metric standard deviations as a function of variability in forest structure and (2) the correlation we found between mixed-effects models of chlorophyll a concentration as a function of these light metrics. This inference is similar to results previously reported for artificial stream channels (Bourassa and Cattaneo 2000) . Our artificial substrates remained in situ for 50 days, thus our measures of chlorophyll a concentration integrate any increases -and any possible losses of chlorophyll -during that period. Increases in chlorophyll a density in high light environments (high ISF = 3.0Â, high DSF = 2.3Â, high GSF = 2.9Â relative to low light environments) were similar in magnitude to those observed for periphyton abundance in artificial stream channels subjected to high and low light (4 increase in high light) (Wellnitz and Ward 1998) . Our observed chlorophyll a values (old-growth mean: 0.083 mg/cm 2 ; mature mean: 0.072 mg/cm 2 ) were greater than summer chlorophyll a val-ues reported for a stream located in a mature stand in New Hampshire (0.001 mg/cm 2 ) (Bernhardt and Likens 2004) but lower than summer values reported from streams in western North Carolina (0.55 mg/cm 2 ) (Greenwood and Rosemond 2005) .
It is important to note that we cannot conclude that these streams were strictly light limited, as we did not measure other factors limiting periphyton biomass production, such as nutrient concentrations or potential losses due to grazing pressure or scouring. Nevertheless, light limitation of periphyton in our streams is consistent with the results of previous studies. Diminished light transmittance limits photosynthesis by periphyton and is common during summer in low-order streams in temperate deciduous forests (Bourassa and Cattaneo 2000) . Much of the previous research on this topic involves comparisons between leaf-off and leaf-on conditions (Hill and Dimick 2002) , experimental manipulation of the light environment (Bourassa and Cattaneo 2000) , or comparisons between clearcut streams and those with riparian forests or buffers (Boothroyd et al. 2004; Kiffney et al. 2004) . Our research augments these previous studies by more thoroughly evaluating the influence of forest structure, which is typically ignored in stream studies that simply reflect the presence or absence of riparian forest or leaves. We specifically addressed within-reach variability in microhabitat availability by using many (9-13) paired light and chlorophyll a concentration measurements at sites within each reach across a substantial) number (eight) of stream reaches. Additionally, by quantifying riparian forest structure we related specific aspects of late-successional riparian forest structure (i.e., relative density, stem density, standard deviation of stem density) to the relative abundance of periphyton in microhabitat patches.
The inclusion of stream as a random effect in our models, while not a direct measurement of ambient nitrogen and phosphorous concentrations, provides an indirect indicator of ecological variability among our study streams. The literature supports our assumption that autotrophic production in small headwater streams is limited primarily by light (Bourassa and Cattaneo 2000; Rosemond et al. 2000) . However, nitrogen or phosphorus limitation can be an important factor constraining autotrophic production, even in heavily shaded streams (Greenwood and Rosemond 2005) . While numerous studies have found that the addition of nitrogen or phosphorus does not result in long-term significant increases in periphyton production in low-order reaches (Bernhardt and Likens 2004; Greenwood and Rosemond 2005) , these results were not obtained from streams within late-successional temperate forests.
While we did not assess autotrophic production or nutrient availability, based upon our results on microhabitat distribution, we speculate that autotrophic production in late-successional streams may be nutrient limited in highlight patches. This would contrast with heavily shaded locations where productivity may be light limited. It is possible that streams in late-successional temperate forests include locations with greater overall levels of autotrophic production relative to younger riparian forests, although we did not test this. Future research seems warranted to investigate whether microhabitat heterogeneity may result in greater reach-scale productivity in streams flowing through older forests. We are aware of no previous studies that have evaluated the within-reach spatial variability in light availability in streams and the effects on either the fine-scale patterning of autotrophic abundance or the contribution to reach-scale autotrophic production.
Conclusion and management implications
Overall, our results establish the importance of considering light as a spatially variable limiting resource at fine, within-reach scales in late-successional forests. Furthermore, these results suggest that the influence of stand development processes, including fine-scaled canopy gap disturbances, on light availability is an important aspect of forest-stream interactions in low-order streams that has previously received little attention. Conceptual models describing forest-stream interactions would be strengthened through explicit recognition of the dynamic nature of forest stand structure and associated riparian influences. Conclusions derived from our results are applicable to forests that are characterized by fine-scale gap disturbances, such as those of the northeastern United States. However, forests experiencing stand-replacing disturbances (e.g., boreal forests) may display forest-stream interactions unlike those we observed.
Riparian forest management is of great interest to watershed managers (Gregory 1997 ), yet management standards and practices vary widely (Lee et al. 2004) . Riparian areas provide unique habitats for both terrestrial and aquatic biota, have controlling influences on in-stream processes, and are generally sensitive in terms of susceptibility to human disturbance (Naiman et al. 2005) . Consequently managers are interested in developing riparian management practices that maintain and even enhance riparian forest functionality. Management approaches promoting the development of late-successional forest structure, including variably sized gaps, could provide a diverse array of in-stream light regimes and associated habitat conditions. Alternatives include establishment of passively managed riparian reserves (or buffers) where late-successional characteristics are allowed to develop (FEMAT 1993) . Gap-based (e.g., small group selection, see Seymour et al. 2002) and restorative silvicultural systems (Berg 1995; Keeton 2006 ) offer additional options for promoting late-successional characteristics where lowimpact timber harvesting is deemed appropriate within riparian areas. However, active management options would need to be evaluated very carefully due to the highly sensitive nature of riparian areas, which in many cases leads, appropriately in our view, to delineation of no-harvest areas closest to streams.
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